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Abstract

Soil organicnitrogenwasquantifiedby solid-state‘
5N cross-polarizationnuclearmagneticresonancespectroscopy

(NMR) during a 14-monthlaboratoryincubationof a sandyloam soil amendedwith tSN~clover. In whole soil and
particle-sizefractions,the clover-derivedN was always 85~9Oo/o amide, 5—10% guanidiniumN of arginine, and 5%
amino.Quantitativenessof theseresultswassuggestedby (1) analysisof a standardcontaininga complexmixture of
organic‘5N and(2) correlationof spectralintensitieswith ‘5N concentrations.Basedon theunchangingproteinaceous
NMR signatureof clover-derivedN throughout the incubation, differencesin the mineralization/immobilization
kineticsof clover-N amongthedifferent particle-sizefractionsappearednot to be linked to organicfunctional group.
Kinetic analysisof themineralizationof ‘5N, with correctionof rateconstantsfor field temperatures,suggestedthat the
proteinanceous15N in the clayandfine silt fractionsobservedherehadamean residencetime of 7 yearsin thefield.

© 2003 ElsevierLtd. All rights reserved.

Il. introduction

Thechemicalstructureof soil organicnitrogen(SON)
is controversial.Broadly speaking,soil organicnitrogen
hasbeenstudied by oneof threemethods:(1) wet che-
mical extraction, (2) pyrolysis mass spectrometry,and
(3) ‘5N-nuclearmagneticresonancespectroscopy.Frac-
tions isolatedby wet chemicalextractioninclude amino
acid-N, amino sugar-N, “NH

3—N”,
1 hydrolyzable

unknown N, and acid-insolubleN (Stevenson,1994);
aboutonehalf of soil N is unidentifiableby this tech-
nique(Schnitzer,1985; Stevenson,1994). Soil scientists
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NH

3—N is operationallydefinedasthe ammoniarecovered

uponsteamdistillation of MgO-treatedhydrolysate.

have applied cross-po]arizaii on magic-angiespinning
‘
5N-nuclear magnetic resonancespectroscopyin the

solid state (CPMAS—NMR) and pyrolysis-massspec-
trometry(PyMS) to gainfurther informationaboutthe
chemicalstructureof soil organicN, but theconclusions
of differentinvestigatorsareoftencontradictory.

Basedon PyMSandchromatographystudiesof whole
soils and hydrolysis fractions, Schulten and Schnitzer
(1998)statethatsoil N is distributedas follows: proteins
+ peptides-I- amino acids, 40%; amino sugars, 5—6%;
heterocyclicN, 35%;and“NH

3” 19%.In aPyMSstudy
of agricultural soils, Schulten and Hempfling (1992)
foundanegativecorrelationbetweenheterocyclicN and
total soil N. According to theseauthors,thelow-N soils
hadadecreasedcapacityto immobilizeN (asa resultof
managementpractices)and thereby becameenriched
with relatively resistantheterocyclicN.
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In contrastto the abovestudies, NMR researchers
havefound 80% or moreof soil N in amideform (pep-
tide bondsin proteins),with the remainderin the form
of amino acids,amino sugars,or the amino groupsof
nucleic acid bases(Knicker et al., 1993, 1997, 1999;
Clinton et al., 1995; Hopkins et al., 1997). Heterocyclic
N hasbeenidentified by NMR analysisof soil humic
andfulvic acids,but with concentrationsrangingfrom 4
to 9% (Zhuo and Wen, 1992) or from 9 to 22%
(Mahieu et al., 2000). Theseconcentrationsof hetero-
cyclic N are below those proposedby Schulten and
Schnitzer(1998), andmay be somewhatoverestimated
due to overlap of the relatively small heterocyclicN
peaksby theadjacentlargeamidepeak. [Seespectrain
Zhuo andWen (1992)andMahieu et al. (2000).] Given
that Schultenand Hempfling(1992)proposedthathet-
erocyclicN is an indicatorof agriculturalmanagement
practices(see above), it is important to reconcile the
controversy concerning the chemical nature of soil
organicN.

Both PyMS andCPMAS—NMRhavepotentialprob-
lems in quantitation of soil organicN. In the caseof
PyMS, incomplete sample volatilization or thermal
rearrangementmay confoundthe analysis(Schultenet
al., 1995). In CPMAS~—NMR, quantitationmay fail if
differential relaxation effects during the contact and
delay timesare not considered.Theseeffectshavebeen
assessedin plant material,compost,andsolubleextracts
(Knicker and Ltidemann, 1995; Knicker et al., 1997),
but have not been thoroughly investigated in soil.
Another potential problem of CPMAS—NMR is that
rigid aromaticstructuresmay haveexcessivelylong TIH

values(50 s or more) (Wilson et al., 1984); the delay
timesrequiredto detecttheN in suchstructuresmaybe
too lengthy for a practical experiment.Furthermore,
NMR studiesof soil N often requireaddition of 15N;
incubationtime of the ‘5N with soil may be insufficient
for formation of heterocyclicN (SchultenandSchnitzer,
1998). Finally, NMR may be currentlyunableto detect
the numerousheterocyclicN structuresthought to be
present in soil (Schulten and Schnitzer, 1998). The
structures may be obscured by the high frequency
shoulderof theamide-Npeak.If numerousheterocyclic
N structuresexist in soil andhaveawide rangeof chem-
ical shifts, the structuresmay give rise to numerous
smallsignalsthat areundetectablein a typical CPMAS—
NMR experiment.

Despite the limitations of CPMAS—NMR, its non-
invasivenessmakesit attractivefor studiesof SON.The
techniquehasonly recentlybeenappliedto soil particle-
sizefractions(Knickeret al., 1999),which areknown to
contain biologically and chemically distinct poo1s of
organicmatter(e.g. CatrouxandSchnitzer,1987). It is
of interestto determineif the amide-dominatedspectra
foundin theparticle-sizefractionsstudiedby Knickeret
al. (1999)arecharacteristicof mostsoils.

Our objectives were to (1) measure differential
relaxationeffectsof thevariousSON functional groups
in a soil amendedwith ‘5N clover, (2) test whether
CPMAS—NMR is quantitativefor both heterocyclicand
noncyclicSON, and(3) useCPMAS—NMR to quantify
the SON functional groups formed in whole soil and
particle-sizefractionsduringclover decomposition.

2. Materials and methods

2.]. Clover-uracil-soiltestsample

For testing whetherNMR was quantitative(Objec-
tives I and2 of the Introduction),an intimate mixture
of ‘5N-uracil, ‘5N-clover, and unlabeledsoil (Marlette
series,seebelow) waspreparedsuchthat themolecular
interactions(e.g. binding to soil particles)would be
somewhatsimilar to thoseexpectedin a natural soil.
The uracil,clover, andsoil werecombinedin a sufficient
volume of waterfor completedissolutionof the uracil;
the resultingsuspensionwasmechanicallyshakenfor I
h, quickly frozenin liquid nitrogen (to minimize pre-
cipitation of relatively insolubleuracil), andlyophilized.
This mixing methodinfluenced the NMR behaviorof
the sample;the samplepreparedas aboveexhibited a
lower TIH value thana samplemixed only by grinding
with mortarandpestle(data not shown). This is likely
due to shorterdistancesbetween‘5N nuclei and para-
magneticspecies(e.g. Fe) in thewater-treatedsample.
The quantitativenessof NMR for the aforementioned
mixture of 15N-uracil, ‘5N-clover, and unlabeledsoil
wasevaluatedby comparingtheNMR peakareapro-
portions to the known samplecomposition, after cor-
rection for differential relaxation effects (as described
below).

2.2. Soil incubationexperiment

2.2.]. Overview
The objectiveof quantifying soil organic N during

clover decomposition(Objective 3 of the Introduction)
wasaddressedvia a soil incubationexperiment.The Ap
horizon of an agricultural soil wasamendedwith ‘5N
labeledred clover (Tr~folium pratenseL.) andincubated
in laboratorymicrolysimetersfor 14 months.Inorganic
N wasremovedvia in situ leachingseveraltimes during
the incubation. On five dates, the incubatedsoil was
ultrasonicallyfractionatedinto five sizeclasses,andthe
concentrationsof N and ‘~N weredeterminedfor each
size fraction and whole soil. The applicability of the
observedN dynamicsto field conditionswasevaluated
by comparingthe whole-soilN retentionobservedhere
to thatmeasuredin the field by other researchers,after
making temperaturecorrectionswith the Qio equation
(Kfitterer et al., 1998). On threeof the five dates, the
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SON in the fractionsandwhole soil wascharacterized
by CPMAS-NMR.

2.2.2. C, N, and‘
5N analyses

Total C andN contentsof clover, soils, andparticle-
size fractions were determined by dry combustion
(Carlo Erba NA 1500 Series2 N/C/S Analyzer). The
‘5N concentrationsof the clover, soils andparticle-size
fractions were determined by mass spectrometryat
either Michigan State University(EuropaScientific 20-
20 StableIsotope Analyzer)or University of Georgia.
Sampleswere diluted as necessarywith natural abun-
dance N in the form of atropine, soil, or aqueous
ammonium sulfate to avoid introducing excessive‘5N
into the mass spectrometers.For whole soil samples
with high levels of nitrate, inorganic N was removed
prior to dry combustionand massspectrometricana-
lyses by thrice extractingwith 0.01 M CaCI

2. Dixon’s
gaptest(Bliss, 1967)wasusedto identify outliers at the
10% probability level for replicatedelementalandiso-
topic analyses(C, N and

15N).Theseoutlierscomprised
a smallproportion of thedata, andwere excludedfrom
the final datadueonly to their extremedeviations.This
was deemednecessarybecauseit is difficult to com-
pletely avoid analytical errors in sampleswith low
massesor low concentrationsof analytes.

2.2.3. Soil and plant material. The soil tised for the
incubationwas a fine-loamy, mixed mesicGlossoboric
Hapludalf(Marlette series) from East Lansing, Michi-
gan, USA. The Ap layerof soil wasexcavatedfrom 0 to
10 cm depth,air-dried, sievedto removefragments>2
mm in diameter,andthoroughlymixed.

The particle-sizedistribution of the soil was deter-
mined by the pipet method (Gee and Bauder, 1986;
Whittig andAllardice, 1986). Carbonateswere removed
andthe soil cation exchangesites weresaturatedwith
sodiumby treatmentwith 1 M sodiumacetate(adjusted
to pH 5), at 70—80 0C. Excesssalts were then removed
by centrifugationwith water, afterwhich organicmatter
wasremovedby addition of 30% hydrogenperoxideat
70 0C. Next, sodium hexametaphosphatewas added
followedby either24 h or moreof soakingor about 16
h of shaking;both methodsgavethe sameresults.Sand
(>53 jim diameter)wasdeterminedby sieving, andfine
silt (2—10 jim) and coarseclay (0.2—2 pm) weredeter-
mined by shakingthe remainingsuspensionandtaking
pipet aliquotsat theappropriatesettlingtimes.Fine clay
(<0.2 jim) wasdeterminedin a tubecentrifugebasedon
an integratedversionof Stokes’law, andcoarsesilt (10—
53 pm) wasdeterminedby difference. Throughoutthe
procedure,the presenceof residualsaltswastakeninto
accountby appropriatemeasurementsandcorrections.
The results are shown in the leftmost data column of
Table 1. The soil wasidentified as a sandyloam per the
USDA texturalclassificationsystem(Brady, 1990).

The clover (Tr(foliam protense L.) used as a soil
amendmenthad been grown hydroponically using
‘5N0 as the soleN source.The cloverwasfreeze-dried
andball-milled to a powderytextureprior to mixing it
with soil. The characteristicsof theclover were as fol-
lows (meansisample standard deviations): Ntatai (g
kg~’)=38.9±1.0, molar C:N ratio~12.9+0.4,atom%
‘5N=91.8±2.0.

2.2.4. Incubation conditions. Soils were incubated at
room temperature(about23 0C) in thedark in labora-
tory-scalemicrolysimeters(Nadelhoffer, 1990). Before
incubation,thesoil wasamendedwith 34.3 g of the ‘5N-
labeledred clover per kg amendedsoil (dry basis).The
total C and N contentsof the soil were approximately
doubledasa result of addingthe amendment,andthe
clover-C correspondedto about I ,4O/~ of the soil dry
weight. The high concentrationof clover in the soil
ensuredthat ‘5N-NMR spectracould be obtainedin a
reasonableamountof time.

Into eachmicrolysimeter,62.1 g of amendedsoil (dry
basis)were packedat an approximatebulk density of
1.2 Mg ~ Then, water was addedto —33 kPa soil
waterpotential.Thesoil waterpotentialwasmaintained
by addingwaterabouttwice perweek. Excessinorganic
N produced by the mineralizationof the clover was
removed by leaching the microlysimeterson several
occasionswith N-free nutrient solution (Nadelhoffer,
1990). The N-free nutrient solution contained1.3 mM
CaCI

2,0.67 mM KH2PO4,0.33 mM K2504, 0.33 mM
MgSO4, 8.33 jiM H3B03, 0.67 jiM MnCI2, 0.67 jiM
ZnSO4,0.17 jiM CuSO4,and0.17 jiM Na2MoO4, with
final pH= 5.1. At the end of thestudy, about 11 pore
volumes of leachate had been collected from each
microlysimeter.

2.2.5. Ultrasonic fractionation of soil. After 11, 34, 95,
190, and 439 days of incubation, the soil from two
microlysimeterswas composited,sonicated,and sepa-
rated into five organo-mineral size classes. The size
classeswere fine clay (0—0.2 jim diameter),coarseclay
(0.2—2 jim), fine silt (2—10 jim), coarsesilt (10-53 jim),
andsand(53—2000jim). An ultrasonicenergyof 38.3 kJ
per 28 g soil was used; the energy was measuredas
describedby Morra et al. (1991)andNorth (1976). This
energy produceda particle-sizedistribution that was
lower in fine clay but higher in coarseclay andfine silt
than thatof thepipet method(Table 1). Sonicationwas
carriedout in a250-ml beakerthatwasrestingin anice
bath, with a 1:5 soil:water ratio (w/w), 28 g soil (dry
basis),1.27 cm(0.5 in) ultrasonicprobediameter,and3
cm probe depth. The incubatedsoils required brief
hand-shakingafteraddition ofwater; theshakingserved
to breakup largeclodsof moist soil prior to sonication.

After sonication,the threefinest size fractions were
physically separatedon the basis of Stokes’ law. The
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Table 1
Particle-sizedistributionasdeterminedby conventionalpipet orultrasoundmethods

Fraction

Method

Ultrasonicyield!
conventionalyield

Conventional
pipet(%)~

Ultrasound
(38.3kJ/28g
soil) (“/o)”

fineclay (<0.2 jim)
Coarseclay (0.2—4m)
Fine silt (2—10 pm)
Coarsesilt (10—53 pm)
Sand(53—2000pm)

6.5 (0.3)
9.1 (0.9)
9.9 (0.9)

19.7(0.2)
54.8(0.2)

3.8 (0.6)
12.4(0.7)
12.0(0.4)
15.4 (2.9)
56.3 (3.1)

0.59
1.37
1.21
0.78
1.03

a Samplestandarddeviationsin parentheses.

fine claywas isolatedby centrifugation,thecoarseclay
by gravity sedimentationat 4 ~C (the low temperature
servedto slow microbial transformations),and the fine
silt by gravity sedimentationat room temperature.Each
separationconsisted of eight centrifugation or sedi-
mentation cycles. During the separations,theconcen-
tration of clay was kept below 10 g/l becauseclay
concentrationsabove 10 g/l significantly increasethe
suspensionviscosity relativeto purewaterandthereby
confound the Stokes’ law calculations(Elonen, 1971).
After the three finest size fractions were isolated, the
coarsesilt andsandwere separatedby wet sieving.

When theseparationswere completed,the threefine
size fractions were concentratedby flocculation with
MgCI2; the supernatantwas removed by siphoning,
with centrifugation as necessary.The two coarsesize
fractionswereeitherflocculatedasaboveor allowedto set-
tle undergravity, andwereconcentratedby siphoningthe
supernatant.Saltswere removedby dialysis at 4

0C. The
separation,concentration,anddialysis werecompletedin
about2 weeks,with samplesstoredat 4 0C betweensteps.
The separatedfractions and a sampleof unfractionated
wholesoil werelyophilized,andstoredat —70 0C.

2.3. NMRspectroscopy
NMR spectraof thesolid statesampleswereacquired

on a Varian VXR 400 MHz spectrometerwith a
frequencyof 40.5 MHz for ‘5N and400.0 MHz for ‘H.

Cross-polarizationmagic-anglespinning (CPMAS)was
used to enhancethe signal-to-noiseratio and hasten
data acquisition(Fig. I). In the CPMAS technique, a
900 pulse to tH is followed by a simultaneousirradi-
ation of iH and ‘5N at fields correspondingto the
Hartmann—Hahnmatch(Stejskal and Memory, 1994).
During this period of simultaneousirradiation (known
as the contact time), magnetizationis transferredfrom
‘H to ‘ZN. The exponentialrates of magnetization
buildup anddecayfor ‘5N during thecontacttime are
characterizedby the cross-polarizationbuildup time
(TNH) and spin-latticerelaxation time in the rotating
frame (T, r,u), respectively, and vary according to N
functionalgroup.

After the contact time, the ‘5N signal is acquired
during a periodof high-powerproton decoupling(the
acquisition time).The CPMASscanthen concludeswith
the delay time, in which the ‘H nuclei return (in whole
or in part) to equilibrium. The characteristictime T,H
for ‘H to return to equilibrium (spin-latticerelaxation
time of ‘H in the laboratory frame) may vary with
functional group.

Standardsampleswere run to ensureoptimal perfor-
manceof the spectrometerbeforeeachseriesof NMR
experiments.The magicanglewasoptimizedusing KBr.
The 900 ‘H pulse length, and cross-polarizationand
decoupling fields were optimized on a setup sample
comprised of ‘5N-uracil, (‘5NH

4)2504, and unlabeled

90” pulse cross- tiolarization
high-powerdecoupling

*— contact time —* *— —* ~4— delaytime —*

acquisition time

cross-polarization

/

acquisition

(Nr\\

111

1SN

Fig. 1. Thecross-polarizationmagicanglespinningpulsesequencefor ‘
5N.
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soil. This samplehadbeenintimatelymixed in the same
manneraswasthe (uracil+ clover+ soil) usedfor testing
the quantitativenessof NMR (seeabove).In the setup
sample,the uracil (Fig. 2) servedto verify that the
spectrometercoulddetectheterocyclicN, andthe nar-
row resonanceof (t

5NH
4)2504 allowed for precise

determinationof the cross-polarizationfields. The 900
‘H pulselengths were between6.5 and 10.5 jis, andthe
decouplingfrequencyduring acquisitionwas65—80 kHz
(as measuredwith an oscilloscope).With this decou-
pling frequencyand 10 Hz of line broadening,max-
imum (full-width at half-maximum)linewidthswere4—6
ppm for uracil and2 ppm for ammoniumsulfate.Opti-
malcontacttimeswere0.2—0.4ins; delaytimeswere0.5 s
or longer to avoid probeoverheating,andacquisition
timeswere6—10 ins.

For experimentalsoil samples,200-300mg of soil
were packedinto a silicon nitride rotor of 7 mm dia-
meter and spunat a frequencyof 4500 Hz. Chemical
shifts were referencedto (‘

5NH
4)2504(~0 ppm); che-

mical shift assignmentsaresummarizedin Table 2 and
given in detail in Appendix A.

2.3.1. Correctionfor differential relaxationeffects.Dif-
ferential relaxation effects were consideredto insure
accurate quantitation of NMR spectra. The
following model accountedfor differential relaxation
effects during thecontactand delay times,andis based
on conceptsand equationspresentedby Stejskal and
Memory (1994):

H

0
,Ny

H

0

Fig. 2. Chemicalstructureof uracil.

= S(tc,

~ (exp~i—tc4TIpFI)~exp(tc/TNn)

)

~ — expj.tD/TtH))

]

(1)

whereS0is thetheoreticalsignalintensity,S(zc,t0) is the
measuredsignal intensity at contacttime tc and delay
time tD, and TNH, T,~H, and T,H areas describedpre-
viously. The first and secondtermswithin the square
bracketsaccountfor differential relaxation during the
contactanddelay times, respectively.For convenience,
the first termwithin thesquarebracketswill be referred
to as thecontact-timecorrectionfactor(CFtc):

— (TNH/TtPH)
CFtc = exp(—td/T,pu)— exp(—t0/TNH) (2)

To implementthe model, NMR spectrawere acquired
for eachsamplematrix (i.e. clover, whole soil, fine clay,
coarseclay, fine silt, and (clover+ uracil+ soil)) with
systematicvariation of the contact and delay times.
Model parameterswere generatedwith either the
COMPLEX nonlinear optimization program of Box
(Kuesterand Mize, 1973; as modified by Dr. Thomas
Manetsch,MichiganStateUniversity)or theMarquardt
methodwithin PROCNLIN of the SAS software(SAS
Institute, 1989); standarderrorsof the parameterswere
computedusing SAS.

2.4. Clover-Ntnineralization in whole soil andparticle-
sizefractions

Clover-N mineralizationin whole soil and particle-
size fractions was measuredby the kinetic analysisof
organicclover-derivedN in wholesoils andparticle-size
fractionsas a function of incubationtime. The clover-
derived N amountsin the various fractionswerecom-
putedwith the assumptionthat isotopic discrimination

Table2
Summaryof ‘

5N chemicalshifts

Shift region (ppm) Nitrogen functionality

0 Ammonium
5—34 Amino groupsin free andamino-terminalaminoacids
42—76 Amino groupsof nucleicacids,guanidinenitrogensof arginine,indole-Nof tryptophan
83—116 Amide N of proteins
120—148 HeterocyclicN in certainpositionsin nucleicacids,in histidine, or in flavin
158 HeterocyclicN in pyrrole(chlorophyll)
170-211 HeterocycticN in nucleicacids,in flavin, or in pyrrole(chlorophyll)
312—320 HeterocyclicN in oxidizedflavin structures
354 Nitrate
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was negligible, and the data were fit to one of two
mathematicalmodels.

Thefirst model wasa two-poolexponentialdecay:

= N,exp(—k,t)±N
2exp(—k2t)

whereN~ is the amountof N at time= t, N1 andN2 are
the N amountsin the poo1s at the beginning of incu-
bation,andk1 andk2 arerateconstants.

The secondmodel was applicable in the fine and
coarseclay fractions,wherea periodof netN accumu-
lation precededa periodof netN depletion:

N1 = —Aexp(—kAt)+ Bexp(—knt)

whereA andB are(positive)constants,kA is the accu-
mulation rate constant, and k0 is the depletion rate
constant.

Parameterestimatesandstandarderrors in themod-
els were generated via the Levenberg—Marquardt
methodwithin thenonlinearregressionmodule (PROC
NLIN) of the SAS software(SAS Institute, 1989).

3. Resultsand discussion

3.1. NMR quantitation test

The ‘
5N- CPMAS—NMR spectrumof the prepared

mixture of (‘5N-clover+ ‘5N-uracil -1- unlabeledsoil) is
shownin Fig. 3. The two N atomsof uracil areevident
as well as theamide, guanidinium,and amino N func-
tional groupsof clover. Severepeakoverlap is evident
amongthe uracil andamidenitrogens.The peakarea
percentageswere initially obtainedby integrating the
NMR signalbetweenthe limits of the observedpeaks,
with and without correction for differential relaxation
(columns 2 and 3 of Table 3). Differential relaxation
effects were small for thesamplebecause(1) the delay
time for thespectrumof Fig. 3 (1.25 s) wassubstantially
greaterthan the maximumvalue of T,~ (0.454 s, data

URActL-N,

400 350 300 250 200 150 100 50 0 -50 -100

ppm

Fig. 3. ‘5N-NMR spectrum of prepared sample of ‘5N-
uracil+ ‘5N-clover+unlabeled soil. Contact time=0.2 ins,
delay tiine= 1.25 s. GI =guanidinium —NH- of arginine,
G2= guanidinium—NH2 of arginine,* = spinningsideband.

not shown), and (2) the correction factors for differ-
ential relaxationduring thecontacttime [Eq. (2)] were
approximatelyequalfor all functional groups(datanot

(3) shown). With or without correction for differential
relaxation, the NMR peakarea percentagesdid not
correspondto the known samplecomposition(Table 3,
column I). Peakoverlapwasconsidereda likely source
of this error.

Assuming that the lack of agreementbetween the
known samplecompositionandthe peakareapercen-
tages as obtained by integrating the NMR signal

(4) betweenthe observedpeaksresultedfrom peakoverlap
among the uracil and amide peaks, the “true”
contributionsof uracil-N,, uracil-N

3, and clover were
calculated by modeling the (‘

5N-clover+ ‘5N-uracil
+ unlabeledsoil) spectrumas a linear combination of
the simpler spectraacquiredfor (‘5N-clover+unlabeled
soil) and(t5N~uracil+ unlabeledsoil). Themodeledand
measured (‘5N-clover+ ‘5N-uracil + unlabeled soil)
spectrawere not significantly different, and the peak
areapercentagesas determinedby the model closely
matchedthe known samplecomposition(Table 3, col-
umn 4- seeAppendix B for details).Although the peak
modelingdescribedhereis likely not practicalfor sam-
plesof unknowncomposition,themodelingconfirmsthat
thesignalof eachfunctionalgroupin thespectrumof Fig. 3
is proportionalto the numberof N atoms in each group
andthat all ‘5N in the (‘5N-clover+ ‘~N-uraci1+soil) sys-
tem wasdetectable.The practicalconclusionis that, in
the absenceof peakoverlap, ‘2N-CPMAS--NMR was
quantitative for a soil sample containing a complex
mixture of noncyclicN andprotonatedheterocyclicN.

3.2. Clover-Nmineralizationin incubatedsoils

The dynamicsof clover-N in the whole soil and size
fractionsaredescribedreasonablywell by simple kinetic
models(Fig. 4). The dataarebasedon isotope dilution
equations,with the assumptionthat isotopic fraction-
ation is negligible. Further,thedatahavebeenadjusted
for (1) loss of soil massduring particle-sizeseparation
(massloss s~9%), (2) incompletedispersionon day 11
of the incubationdue to failure to hand-shakethe soil
plus added water prior to sonication (fine and coarse
clay yieldswere 35 and64% of expected,respectively),
and (3) variability in clay recovery.Theseadjusttnents
entailednormalizationof the clover-N amountsin the
particle-sizefractions in accordwith expectedparticle-
size yields. (SeeAppendix C for particle-sizerecovery
data.)

Sand-andcoarsesilt-associatedclover-N werechar-
acterizedprimarily by a fast-decayingorganic N pool
(k=0.12—0.16 day’), which likely representedlarge
plant fragments (macroorganic matter) in the early
stagesof decomposition.The presenceof such frag-
ments was verified by direct visual observationor
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Table 3
Test of quantitative‘5N-NMR in preparedmixtureof (‘5N-uracil±‘5N-clover+unlabeledsoil)

‘5N form I. Known sample 2. ‘5N-NMR peak 3. ‘5N-NMR peak 4. ‘5N-NMR peak
composition(percentage areapercentages areapercentages areapercentages
of total N)b (uncorrected)cd (correctedfor differential (correctedfor

relaxation)d.~ differential relaxation
andpeakoverlap)~

Uraci1~N
3a 25 (1) 33 34 22

Uracil,N,a 25 (1) 30 30 25
Clover (Tr(folium pratenseL.) 50 (4) 37 35 53

a Subscriptsreferto ring position of ‘
5N.

b Computedfrom ‘~N concentrationsin cloveranduracil. Clover ‘~N concentrationwas determinedby massspectrometer;uracil

‘5N concentrationswere providedby manufacturer;soil ‘5N concentrationwas negligible.Samplestandarddeviations(in parentheses)
were computedbasedon uncertaintyin masses,‘5N concentration,andmoisturecontentsof themixturecomponents.

OneNMR spectrumwas acquired.The estimateduncertaintiesin peakareapercentagesdueto phasing,baselinecorrection,and
spectralnoisewere lessthan0.5% of total signal intensity.

d Peakareapercentagesweredeterminedby integratingthespectrumof Fig. 3 accordingto the observedpeakregions.Peakswere
integratedwith thefollowing limits (ppm):uracil-N

3. 281—240, 178—123,31—12; uracil-N,, 240—~16 123—101, 1——12; amide,216—198,
l01—64,—12to —60; guanidinium,64—31; amino, 12 to —1.

Differential relaxationeffectscorrectedperEq. (1).
Peak overlap correctionsbasedon linear combination of

Appendix B.
(uracil + soil) and (clover+ soil) spectraas described in text and

microscopy(SOx). The fine silt containedtwo clover-N
pools; the fasterpoo1 had an intermediatedecayrate
(k= 0.03 day—’) andprobablywasmacroorganicmatter
(with entrappedmineral particles) in an intermediate
stageof decomposition.The slow poo1 within the fine
silt (k 0.001 day—’) is attributedto sorbedN. The clay
fractions exhibited fast accumulation (k 0.04—0.07
day—’) followed by slow depletion (k 0.001 day—’) of
clover-N, andweremodeledwith the assumptionthat
both processesfollowed an exponentialtrend [Eq. (4)].
The accumulationis considereda result of the micro-
bially mediatedtransfer of N from coarserfractions,
and the depletion reflects the slow tuineralization of
clay-sorbedN. The transientpresenceof N in coarse
fractionsand the stabilization of N in fine fractions is
consistentwith thefield studiesof Aita et al. (1997)and
BalabaneandBalesdent(1995),andconformsto current
conceptsof organic nutrient flow in soils (e.g. Chris-
tensen,1996).

The decayrate constantsfor the clay-associatedclo-
ver-N and for the slow-decayingpoo1 of fine silt-asso-
ciatedclover-N(approximately0.001 day—’) correspond
to a mean residencetime (MRT) of 3 years in the
laboratory,or 7 yearsin the field. This field MRT was
calculated by adjusting for temperaturedifferences
betweenthe laboratoryandlocal Michigan field condi-
tions (Q,o2; Kiitterer et al., 1998). No attempt was
madeto accountfor variations in moisturethat would
be expectedin the field, as moisturewasnot correlated
with CO2 fluxes in afield study in southwestMichigan
(Paulet al., 1999).

The agronomic relevanceof the medium- to long-
term stabilization of clover-N observed here (i.e.
MRT = 7 years in fine particle-sizefractions) can be
assessedby comparingthe overall retentionof added
plant-N in this study to that observedin the field by
others(Table4). Theoverall retentionof addedN in the
presentstudy closely matchesthat of Aita et al. (1997),
but is greaterthan that observedby Harris andHester-
man(1990). The higherdecomposition(lower retention)
observedby Harris and Hesterman(1990)could be a
result of the presenceof growing plants (Cortez and
Cherqui, 1991), differencesin the amount of substrate
added,or textural effects. This analysissuggeststhat
somebut not all field mechanismsof N mineralization
andimmobilization wereoperatingin the presentstudy.

3.3. NMR spectroscopyofclover andincubatedclover-
amendedsoils

The CPMAS—NMRspectraof clover, wholesoil, fine
clay, coarseclay, andfine silt areshownin Figs. 5 and6.
(No spectrawereacquiredfor thecoarsesilt and sand
fractionsdue to the low concentrationsof ‘

5N in these
fractions.)The peakareapercentages(correctedfor dif-
ferential relaxationeffects)aresummarizedin Table 5.
Throughout the incubation, the ‘5N functional group
compositionof thewholesoil andsizefractionswasnot
significantly different from that of pure clover; the
organic N was approximately85—90% amide, 5—10%
guanidinium N of arginine, and 5% amino. No sig-
nificant amuountof heterocyclicN wasdetected.
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Thespectrumof pureclover(Fig. 5) is betterresolved
thanthe spectraof thesoil samplesandcan beviewedas
representativeof organic clover-derivedN throughout
the incubation. The strong amidesignal (95 ppm) sug-
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gests that the clover-N is mostly proteinaceous;there-
fore, theotherpeaksin thespectrumprobablyrepresent
non-amideN within amino acids.The small peakat
150 ppm is likely to be theheterocyclicN of histidine.
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Fig. 4. Clover-derivedN amountsin incubatedsoil (measured0, modelled—).

Table 4
‘5N retentionin presentstudycomparedto field studies

Agronomicsystem

Field studies Presentstudy

Decompositionconditions Added ‘5N remaining
as percentageof initial

Added‘5N remaining
aspercentageof initial4

‘5N-wheatstrawdecomposition
in absenceof growingplantsb
‘5N-alfalfa decompositionin
presenceof coma

365 days, 10 0C. 45 kg
straw-N perha,silt loam soil
332 days, 10 0C, 112 kg
alfalfa-N perha,sandyloam soil

59

40

60

61

a Correctedto time andtemperatureof field studies.
b Aita et al., 1997.
C HarrisandHesterman,1990.
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Whole Soil

N=24.7 exp(-0.106t) + 75.3exp (-0.00151t)

0

0

Ane Clay
N~-6.67 exp(-0.0410t) -* 10.4exp (-Q00105t)

0

0

CoarseClay
N=-36.7exp(-0.06611)+ 44.6exp (-0.00130t)

0

0

400
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Stoichiometricconsiderationsstrongly suggestthat the
peaksat 58 and45 ppm are the—NH— and—NH2 units
of the guanidiniumgroup of arginine,respectively.The
ratio of the relaxation-correctedpeak areas(—NH—:
—NH2~ 1:2.5, datanot shown)wascloseto theexpected
stoichiometric value (1:2) for the guanidinium group.
The two peaksin the region—10 to 20 ppm probably
representthe amino groupsof free or amino-terminal
amino acids(Table 2 andAppendix A).

400 350 300 250 200 150 100 50
ppm

0 -50 -100

Fig. 5. ‘
5N-NMR spectrumof clover. Contacttime =0.4 ins,

delaytime = 1 s. * = spinningsideband.

te) CoarseClay

1 Month Incubation

400 300 200 100 0 -100

ppm

The overall corrections for differential relaxation
effectswere small in thespectraof cloverandincubated
soils; the maximum difference betweencorrectedand
uncorrectedpeakareapercentagesfor eachsamplecor-
respondedto no more than 3% of the total signal
intensity.The relaxationmodelof Eq. (1) fitted thedata
well, as evidencedby the generallylow ratiosof stan-
dard errors to relaxationparametervalues(Table 6).
The poorerfits for the amino group relative to other
functional groups are likely a result of the relatively
small peakareaof the amino group as well as peak
overlap (Figs. 5 and6). The correctionfactorsfor dif-
ferential relaxationduring thecontacttime werecom-
puted from TNH and T

1 ~~ [Eq. (2), Table 7]. Within
eachsample,the ratio of themaximumto theminimum
correctionfactor among the various functional groups
varied from aboutI to 1.5. (A high maximum:mtnimum
ratio indicatesthat differential relaxationeffectsduring
the contacttime may be significant.) The highest cor-
rectionfactorusuallycorrespondedto the amino group,
probablyas a result of high TNH valuesfor theamino
group(Table 6). High TNH valuesare expectedin rela-
tively mobile functionalgroupssuchas theaminogroup
(Kincheshet al., 1995).

400 300 200 100 0 -100

* *

(a) WholeSoil

14 Month Incubation

(b) Fine Clay

14 Month Incubation
* *

400 300 200 100 0 -100 400 300 200 100 0 -100

(d) Fine Silt

14 Month Incubation
* *

14 Month Incubation
* *

1 Month Incubation

Fig. 6. ‘
5N-NMR spectraof (a) whole soil, (b) fine clay, (c) coarseclay, (d) fine silt. Contacttime = 0.4 ms(all samples),delay

time = 0.5 s (wholesoil, fine clay), 0.9 s (coarseclay, I month), I s (coarseclay, 14 month), 0.75s (fine silt). * spinningsideband.
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Table5
NMR peakareapercentagesfor cloverandincubatedsOila,b.c

Material—* Clover Wholesoil Fine clay Coarseclay Fine silt

Incubationtime (d)—* 0 34 190 439 34 190 439 34 190 439 34 190 439

AromaticNofhistidine
Amide
GuanidiniumN’s ofarginine
amino

8
85
8
6

8
85

8
7

8
86

8
6

8
85
9
7

8
86

8
6

8
84
9
7

8
86

8
6

9
92

6
3

9
91

6
3

9
90

7
3

8
89

7
3

8
87

8
5

8
88

7
4

Eachdatapoint is basedon one(unreplicated)spectrum.Eachspectrumunderwentdataprocessingtwice (Fourier transforma-
tion + phasing± baselinecorrection),andfinal peakareaswerecalculatedasthemeansof thetwo peakareas.

b Due to peakoverlap,spectralnoise, andsubjectivity in phasingandbaselinecorrection,differencesof less than5—10% of total
signalintensityareprobablynot significant.

Datahavebeencorrectedfor differential relaxationperEq. (1). Thesecorrectionsalteredthepeakareapercentagesby no more
than3% of total signal intensity.

The linearcorrelationof theNMR spectralintensities
with the amountsof ‘5N in the incubatedsoil samples
supportsthe quantitativeaccuracyof CPMAS—NMR
(Fig. 7). Linear regressionswere run with ‘5N amount
(from massspectrometricanalysis)andtotal NMR sig-
nal intensity per scan as dependentand independent
variables,respectively.Regressionswere run separately
for eachsoil fraction using only spectrathat hadbeen
collected in a single NMR session;thus, confounding
effectsdueto soil fraction (e.g.differential Fe contents)
and variation in spectrometerperformancewere avoi-
ded. The correlationsfor whole soil, fine clay, coarse
clay, andfine silt were all significant(P~0.05), andthe
regressionlines for eachfraction passedextremelyclose
to the origin (Fig. 7). If some N (e.g. nonprotonated
heterocycles,see Kelemen et al., 2002) wasinherently
undetectable,the regressionlines would be expectedto
interceptthevertical axesin Fig. 7 well abovetheorigin.
The lowest J?2 value for NMR spectralintensity versus
‘5N concentrationwasobtainedfor fine clay, anda plot
of detectability(NMR signalintensityperscanper l.tmol
‘5N) versus incubation time revealed an apparent
decreasein the detectability of ‘5N with increasing
incubationtime (Fig. 8). If it is assumedthat the ‘5N is
100%detectableat day 34, Fig. 8 indicatesthat about
30% of the fine-clay ‘5N mayhavebeenundetectableat
day 439. This decreasein detectability suggeststhat a
form of undetectableN, suchas nonprotonatedhetero-
cyclic N or heterocyclicN in slow-relaxing rigid aro-
matic structures (or perhapsclay-sorbedNH

4), may
have slowly formed in the fine clay. This undetectable
‘
5N correspondedto about5% of theremaining ‘~N in

thewholesoil. Overall, the regressionssuggestthatmost
of the ‘5N was detectedby NMR over the 14-month
time courseof this study.

The aboveanalysisof NMR data suggeststhat very
little, if any, heterocyclictsN wasformedduringthesoil
incubation. It is possiblethat the broadhigh-frequency
(left-hand) shoulderof the amidepeak observedhere

(Fig. 6) andin other studies (e.g.Knicker et al., 1993;
Knicker and Ltidemann, 1995) may be a result of
heterocyclicN. However,comparisonof the spectraof
tSN..cloverin the presenceandabsenceof soil (Fig. 9)
suggeststhat the shoulderis simply a consequenceof
soil-inducedline broadening(due perhapsto soil iron)
rather than peak overlap between amide-N and a
potentiallyobscuredheterocyclicN group.Theshoulder
doesobscurea small heterocyclicN signaldueto histi-
dine (near 150 ppm), but this signal representsonly
about1%of the clover-’5N (Table 5).

3.4. Chemicalstructureof, soil organic N as determined
by NMR: a critic-al analvsis

The quantitativenessof NMR wassupportedthrough
successful characterizationof differential relaxation
effects, analysisof a complex soil-organicmixture with
known composition, and strong correlation of NMR
spectralintensitieswith ‘5N concentrationsas measured
on a massspectrometer.Therelatively smalldifferential
relaxationeffectsobservedhere should not be general-
ized; samplesthatcontainappreciableamountsof both
high-mobility N (e.g. amino) and limited-mobility N
(e.g. amide)would beexpectedto exhibit relatively large
differential relaxationeffects.The analysisof the (‘5N-
clover+ ‘5N-uracil + unlabeled soil) mixture of known
compositionshowedthat peakoverlapis an important
though not fatal weaknessof the NMR analysis of
soil samples.Nevertheless,peakoverlapdid not appear
significant in any of the incubated (‘5N-clover+soil)
samples—thepeak area of each functional group was
accurateto within about5O/~ of thetotal spectralintensity.

The compositionof ‘5N in whole soils and particle-
size fractions in this study (85~90O/o amide, 5—10%
guanidinium N of arginine, and5% amino) is in good
agreementwith other ‘~N-CPMAS--NMR studiesof soil
but at variancewith the compositionof soil N aspro-
posedby Schultenand Schnitzer(1998). The composi-
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Table 6
TIH, TNH, andT,~H valuesfor cloverandincubatedsoils”

Functionalgroup

Material AromaticN Amide

GuanidiniumN’s of arginine

Amino—NH —NH2
of histidine

TIH (s)

Clover” 0.37 0.53 NAC 0.52 0.97 0.83
(0.43) (0.10) (0.10) (1.56) (0.08)

Whole soil NDd 0.19 NA 0.52
(0.01) (0.17)

Fineclay ND 0.14 NA NA
(0.05)

Coarseclay ND 0.20 NA NA
(0.05)

Fine silt ND 0.18 NA 0.21
(0.02) (0.06)

TNH (ins)

Clover” 0.13 0.059 0.050 0.060 0.061 0.29
(0.05) (0.009) (0.018) (0.006) (0.058) (0.10)

Whole soil ND 0.078 0.089 0.19

(0.008) (0.009) (0.04)
Fine clay ND 0.076 0.085 0.16

(0.009) (0.022) (0.10)
Coarseclay ND 0.062 0.055 0.13

(0.004) (0.022) (0.06)
Fine silt ND 0.072 0.082 0.27

(0.005) (0.011) (0.08)
Tl~H (ins)

Clover” 3.15 2.14 1.96 1.41 12.6 1.65
(1.48) (0.28) (0.58) (0.11) (29.3) (0.59)

Whole soil ND 3.24 1.95 1.95
(0.33) (0.19) (0.46)

Fine clay ND ) 15 1.67 0.93
(0.23) (0.40) (0.56)

Coarseclay ND 2.29 1.80 2.83
(0.12) (0.60) (1.42)

Fine silt ND 3.17 2.19 2.60
(0.24) (0.28) (0.88)

Standarderror in parentheses.For the incubatedsoils, modelparameterswere generatedonly for samplesthat hadbeenincu-
batedfor 34 days.Theparameterswereassumedto be equallyapplicableto soils that hadbeenincubatedfor different times.

b For clover, two peakswereobservedin both theguanidiniumandaminoregions.Valueson theleft correspondto thepeakswith
the higherNMR frequency.

NA = no dependenceof signal intensity upon delaytime was observed~functional groupassumedto be fully relaxed.Minimum
delayvaluestestedwereasfollows: 1 s (clover),0.5 s (wholesoil, fine clay, coarseclay, andfine silt).

d ND = functionalgroupnot detected.

tion of soil N per Schultenand Schnitzeris: proteins
±peptides+ amino acids, 40%; amino sugars, 5—6%;
heterocyclicN, 35%; andNH3, 19%. (NH3 is an oper-
ationally definedpool; seelntroduction.) Schultenand
Schnitzer(1998)arguethat theincubationtimes of ‘

5N-
amendedsoils in studiessuch asthepresentonemay be
too short for the formation(or selectivepreservation)of
resistantheterocyclicN. While the long-term formation
of heterocyclicN couldnot be evaluatedfrom thedata

of thepresentstudy,kinetic analysisindicatedthat the
clover-N in this study had a mean residencetime of 3
years in the laboratory, which corresponded to
approximately7 yearsin the field. This material thus
seemsto haveat leastmedium-termstability.

The discrepancyin N chemicalcompositionbetween
NMR-based studies and the study of Schulten and
Schnitzer(1998) may stem from the assumptionsused
by Schulten and Schnitzer. Their analysisappearsto
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rely on theassumptionthat no proteinaceousN is con-
tained in the N fraction that is resistantto hot acid
hydrolysis (Sowdenet al., 1977). This assumptionmay
bereasonablein somestudies,ashot acidhydrolysis is a
traditionalmethod for decomposingproteinsinto their
constituent amino acids (Creighton, 1993). However,
‘5N-CPMAS--NMR analysis of the nonhydrolyzable
residueof asoil incubatedfor 2 yearswith ‘5N-ammo-
nium sulfate±crop residues+ powdered filter paper
revealedthat about8O0/s of the N in the residuewasin

the form of amideandamino groups;about20% could
be assignedto either amideor heterocyclicN of indole
(Zhuo et al., 1992). Similarly, the ‘5N-NMR analysis(at
naturalabundancelevels)of thehydrolysisresiduefrom
an organic-rich lake sediment produced an amide-
dominatedspectrumquite similar to thespectraacquired
in the presentstudy (Knicker andHatcher,1997). Fur-
ther analysisof the residue(thermochemolysisfollowed
by gaschromatography/massspectrometry)identified
the N as proteinaceous(Knicker and Hatcher, 1997).

Table 7
Contact-timecorrectionfactors”

Functionalgroup

Material ImidazoleN
of histidine”

Amide GuanidiniumN’s of arginine Amino Max. correctionfactor

Mm. correctionfactor—NH --NH2

Clover”
Wholesoil
Fine clay
Coarseclay
Finesilt

1.146
—
—
—
—

1.174
1.112
1.169
1.161
1.114

1.196 1.274
1.188
1.220
1.212
1.166

1.029 1.551
1.298
1.459
1.161
1.418

1.51
1.17
1.25
1.04
1.27

Contact-timecorrectionfactordefinedin Eq. (2). For theincubatedsoils, modelparametersweregeneratedonly for samplesthat
hadbeenincubatedfor 34 days.The parameterswere assumedto be equallyapplicableto soils that hadbeen incubatedfor different
times.

~ ImidazoleN wasobservedin clover only.
For clover,two peakswereobservedin both theguanidiniumandaminoregions.Valueson theleft correspondto thepeakswith

thehigher NMR frequency.

WHOLE SOIL

R
2=0:95 *

FINE CLAY

-R2 =0.938*

—--

0 0.2 0.4 0.6 0.8 0.0 0.2 0.4

NMR SIGNAL INTENSiTY PER SCAN
(ARBITRARY UNITS)

0.6

• MEAS

- -— FIT

0.8

Fig. 7. Linearregressionsof ‘5N amountsversusNMR signal intensityfor soil samples.Eachpoint representsa soil samplecollected
after 1, 6, or 14 monthsof incubation.Thepoint (0,0) is not a measuredpoint, but was includedin theinput datafor the regressions
sinceno signal would be expectedfor a blanksample.Becauseeachregressionwasrestrictedto spectracollectedin asingle experi-
mental session,the numberof points in eachregressionvaries.Error barsrepresentsamplestandarddeviationsfrom massspectro-
metricmeasurementof ‘5N. * and ** indicatesienificanceat the0.05 and0.01 probability levels,respectively.
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Fig. 8. NMR detectability of fine-clay associated‘5N after
various incubation times. NMR detectability is defined as
NMR signal intensityperscanper pmol ‘5N.

Additionally, Zang et al. (2000) combined ‘5N-labeled
protein extractswith humic acidsandfound that a sig-
nificant portion of theprotein in this mixturewasresis-
tant to acid hydrolysis.

Basedon the unchangingproteinaceousNMR sig-
nature of clover-derived N throughout the 14-month
soil incubation, the considerable differences in the
mineralization/immobilization behavior of clover-N
amongthe different particle-sizefractionsappearnot to
be linked with chemical functional group. Possible
mechanismsfor thestability of proteinaceousN in the
fine soil fractionsof this study include adsorptiononto
clays, entrapmentof soil N in pores inaccessibleto
microbes,or humification without changeof functional
group (e.g. cross-linking of large biomolecules or
encapsulationof proteinaceousmaterial by other bio-
molecules).

Improvementsin ‘5N-NMR spectroscopyof soils
seempossible,but not without conceptualor technical
challenges.Density fractionation leads to isolation of
fractions low in specific gravity and relatively high in
organiccontent;suchschemeswere usedin a ‘3C-NMR
study by Baldock et al. (1992). However, Christensen
(1992) has questioned some density fractionation
schemes,andconsidersthatdensityfractionsof clayand
silt particles may not representtruly distinct pools of
organicmatter. Dissolution of mineral matter by HF
may improveNMR spectra(Schmidtet al., 1997), but
this approachwould seemto forfeit the advantageof the
noninvasivenessof NMR. Finally, the recentlydevel-
opedtechniqueof high-resolutionsolid-state‘4N-NMR
may help resolvethecurrent controversysurrounding
thechemicalstructureof nativesoil organicN (Jeschke
and Jansen, 1998). However, this approach requires

400 350 300 250 200 150 100 50 0 -50 -100
ppm

Fig. 9. NMR spectraof ‘5N-labeledclover, with andwithout
soil. In both spectra,contact time=0.2 ins. delay=1 s, line
broadening=120 Hz.

high spinning speedsandfurtheradvancesin broadband
spectralexcitation,andmay not be immediately applic-
ableto soil systems.
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Appendix A. Detailed tableof 15N chemical shifts

‘5N chemicalshifts of biologically important molecules

Compound Chemical shift (ppm) Ref.a

Ammoniumsulfateor
‘5N-ammonium‘4N-nitrate
Freeaminoacids,aminogroups
Guanidine—NH2
Guanidine—NH-
—NH2 of nucleicacids
Tryptophan—NH—(indole)
Peptide-N

Uracilb
Histidine ring N (imidazole)

AromaticN in nucleicacidsc
G3, T3, Cl, Gl, TI
A9. G9
C3, A3, Al, A7, G7

5

5—34 (includingGly andPro)
42—53
60—65
76 (C); 59 (A); 53 (G)
61
83—116 (including Gly andPro)
95—110 (excludingGly andPro)
111 (NI), 139 (N3)
145—155cation; 157 & 211 amphiion;
173& 197 anion

121—140
148
174—211

1
1,5

2
1
1,5

1
1

2
2
2

Pyrrole
Pyrroleas partof chlorophyll A
Flavin (isoalloxazine)

Nitrate

136 (in DMSO-d
6)

173, 175, 192, 233 (in acetone-d6)
128—140 (N3); 142 (Nb, ox.);
170—179 (Ni); 312-320(NS, ox.)
354

3

3

3

“‘1. Blomberg andRuterjans,1983; 2. Crosset al., 1982; 3. Levy and Lichter, 1979: 4. Thorn andMikita, 1992; 5.
Wuthrich. 1976. bHawkes et al., 1977; as cited by Blomberg and Ruterjans (1983). cA~adenine,C=cytosine,
G= guanine,T thymine.

Appendix B. Computation of “true” contributionsof
uracil and clover to NMR signal intensity in the
severelyoverlapped‘

5N-NMR spectrumof (‘5N-clo-
ver+ ‘5N-uracil+ unlaheledsoil)

The “true” contributionsof uracil-N
1. uracil-N3, and

clover-N to the NMR spectrumof (‘
5N-clover+ ‘5N-

uracil+ unlabeled soil) (Fig. 3) were calculated by
modeling the spectrumas a linear combination of the
simpler spectra acquired for (I 5N-clover+ unlabeled
soil) and (I 5N-uracil+ unlabeledsoil). This was accom-
plished as shownbelow:

Mathematically,at eachNMR frequencyv in thespec-
trum, themeasuredintensity,ScusMEAs(E)is modeledas:

ScUsMoDEL(v) = kusSusMEAs(v)

+ kcsScsMEAs(v)

where S
05MEA5(V) and SCsMEAs(t’) are the measured

signals in the (‘
5N-uracil+ unlabeledsoil) and(‘5N-clo-

ver + unlabeledsoil) spectra,respectively,and k~
5 and

kcs arepositive constants.The constantsk~5 andkcs
were determinedby least-squaresminimization of z

2:

Z (SCU5.MEA5(P)— ScusMOOEL(tJ))
(2.2)

(VARcUsMEAs+ VARcu

5 MODEL)!

where
0L and 0R are theNMR frequenciesof theleft and

right edgesof thespectralregionof interest,fis thedegrees
of freedom (f”= numberof NM R frequenciesin spectral
regionof interestminustwo), VARCUSMEASis thevariance
of the measuredspectrum of (I 5N-clover+ ‘~N-uraci
I + unlabeledsoil) andVARCUS,MODEL is thevarianceofthe
modeledspectrumof (t5N-clover+ ‘5N-uracil+ unlabeled
soil). Accordingto BevingtonandRobinson(1992),asuffi-
ciently smallvalueof yj indicatesthatthetwodistributions
in thenumeratorof Eq. (2.2) arenotsignificantlydifferent.

The varianceof themeasuredspectrumin Eq. (2.2)
was estimatedas thevariancein signal intensity in 25

(2.1) points chosenfrom a portion of the spectrumwithout
peaks.The varianceof themodeledspectrumwasbased
on the rulesof statisticalerror propagation:

VA.RCUS MODEL = k~
5 VABU5,MEA5

±k~5V.ARC5MEA5 (2.3)


